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Electromagnetic waves in vacuum and most materials have transverse polarization. Longitudinal
electromagnetic waves with electric field parallel to wave vector are very rare and appear under
special conditions in a limited class of media, for example in plasma. In this work, we study the
dispersion properties of an easy-to-manufacture metamaterial consisting of two three-dimensional
cubic lattices of connected metallic wires inserted one into another, also known as an interlaced
wire medium. It is shown that the metamaterial supports longitudinal waves at extremely wide
frequency band from very low frequencies up to the Bragg resonances of the structure. The waves
feature unprecedentedly short wavelengths comparable to the period of the material. The revealed
effects highlight spatially dispersive response of interlaced wire medium and provide a route toward
generating electromagnetic fields with strong spatial variation.
Elastic waves may have either longitudinal or trans-
verse polarization: the acoustic (compression) waves are
longitudinal while the sheer stress waves are usually
transverse. The electromagnetic waves are in many as-
pects similar to the elastic ones. However, most of elec-
tromagnetic waves are transverse. The longitudinal wave
has wave vector k parallel to electric field E. Substitu-
tion of such conditions into Maxwell’s equations for non-
magnetic isotropic media immediately leads to H = 0
and 𝜀 = 0. This means that the longitudinal electromag-
netic waves may exist in homogeneous media only if the
dielectric permittivity is equal to zero. Such case can be
reached in plasmas or plasma-like media also known as
epsilon-near-zero (ENZ) materials [1–3].
The longitudinal wave in such case is called bulk plas-
mon [4] and it exists at the particular frequency 𝜔𝑝 called
plasma frequency defined by the equation 𝜀(𝜔𝑝) = 0. Due
to frequency dispersion, the condition 𝜀(𝜔) = 0 can be
satisfied only at a fixed frequencies. However, spatial
dispersion effects (nonlocality) manifested as the depen-
dence of permittivity on the wave vector of propagating
wave 𝜀(𝜔,k), allows bulk plasmons to exist within a cer-
tain very narrow frequency band [4, 5].
In natural media the effects of spatial dispersion are
extremely weak since the period of the crystal is signif-
icantly smaller than the wavelength. The bandwidth of
the bulk plasmon band is only a few percents of the re-
spective frequency [4, 5]. Metamaterials which are ar-
tificially synthesized media [6] feature typically stronger
spatial dispersion effects since their periods are compa-
rable to 10−1 − 10−2𝜆. For instance, connected wire
medium also known as artificial plasma [7] supports bulk
plasmons within 7% band near the plasma frequency [8].
Spatial dispersion effects are boosted when the ratio
between the period of the structure and wavelength in-
creases. For example, the effect of spatial-dispersion-
induced birefringence quantified by the difference of the
refractive indices for two orthogonal polarizations in a
metamaterial with cubic symmetry can reach 0.13 in res-
onant metamaterials as compared to 10−5 in the natural
crystals such as CuI or NaI [9]. However, the discussed
spatial dispersion effects are observed within quite nar-
row frequency range close to the characteristic resonances
of a metamaterial.
The exception from this general rule is provided by the
non-connected wire media [10] which are metamaterials
formed by parallel arrays of infinitely long wires discon-
nected from each other. The non-connected wire media
feature very strong spatial dispersion within extremely
wide frequency range including the long-wavelength limit
[11]. Their nonlocal electromagnetic response results in
the diffractionless transverse electromagnetic waves with
arbitrary transverse wave-vectors which can be used for
subwavelength imaging [12] and improvement of mag-
netic resonance imaging systems [13].
In this Letter, we investigate the properties of a spe-
cial class of wire media, so called interlaced wire me-
dia [14, 15]. The geometry of the medium is shown in
Fig. 1(a). Below, we demonstrate that such structure
supports longitudinal waves within extremely wide fre-
quency band starting from very low frequencies which
means nearly 100 % bandwidth.
Due to the pronounced spatially dispersive response of
the interlaced wire medium, the equation 𝜀(𝜔,k) = 0 has
solutions nearly at all frequencies below the first Bragg
resonance. Interestingly, the wave vectors of the waves
are very large pointing to the corners of the first Bril-
louin zone of the metamaterial. It should be stressed that
such behaviour is quite unusual for the electromagnetic
waves since in the majority of materials low frequencies
are related to short wave vectors of the wave such that
isofrequency contours are centered around Γ = (0, 0, 0)𝑇
point of the Brillouin zone.
We consider the material consisting of two identical
cubic wire meshes with a period 𝑎 and 𝑑×𝑑 square cross
section inserted one into the other (Fig. 1(a)) and fixed
in the position with maximal distance between the net-
works nodes (the networks displacement vector 𝐴0𝐵0 =
0.5𝑎 (1, 1, 1)
T
, see Figs. 1(a) and 1(b)). The entire struc-
ture is placed in an isotropic host medium (vacuum).
Note also that contrary to the previous works [14, 15],
























































Figure 1. (a) Geometry of the interlaced wire medium. (b)
Rhombohedral unit cell of the metamaterial. Translation
vectors coordinates: 𝐴1𝐵0 = (−𝑎/2, 𝑎/2, 𝑎/2)T, 𝐵0𝐴2 =
(−𝑎/2, 𝑎/2,−𝑎/2)T, 𝐵0𝐴3 = (−𝑎/2,−𝑎/2, 𝑎/2)T. (c) Bril-
louin zone corresponding to the unit cell. Points coordinates:
Γ = (0, 0, 0)T, H = (2𝜋/𝑎, 0, 0)T, M = (𝜋/𝑎, 𝜋/𝑎, 0)T.
Figure 1(b) shows the geometry of the unit cell for the
interlaced wire metamaterial and a way how it is related
to the structure of the medium (Fig. 1(a)). This unit cell
is a rhombohedral, i.e. a hexagon with equal rhombuses
at all faces, all ribs are equal to
√
3𝑎/2. One of two
diagonals at each face contains a metal wire of length 𝑎.
This rhombohedral cell has a third-order symmetry axis
𝐴0𝐵0. The coordinates of the vertices can be written as:
𝐴0 = (0, 0, 0)
T
𝐵0 = (𝑎/2, 𝑎/2, 𝑎/2)
T
𝐴1 = (𝑎, 0, 0)
T
𝐵1 = (−𝑎/2, 𝑎/2, 𝑎/2)T
𝐴2 = (0, 𝑎, 0)
T
𝐵2 = (𝑎/2,−𝑎/2, 𝑎/2)T
𝐴3 = (0, 0, 𝑎)
T
𝐵3 = (𝑎/2, 𝑎/2,−𝑎/2)T
(1)
The translation vectors:
𝑎1 = 𝐴1𝐵0, 𝑎2 = 𝐵0𝐴2, 𝑎3 = 𝐵0𝐴3. (2)
The interlaced wire medium with the described unit
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Figure 2. Dispersion diagram for the ΓHMΓ-path. Brillouin
zone points coordinates: Γ = (0, 0, 0)T, H = (2𝜋/𝑎, 0, 0)T,
M = (𝜋/𝑎, 𝜋/𝑎, 0)T.
dodecahedron, Fig. 1(c)). We have calculated dispersion
properties for the interlaced wire medium using commer-
cial software package COMSOL Multiphysics by apply-
ing the periodic boundary conditions (with 𝑒+𝑖(k·r) spa-
tial dependence) to the unit cell with the wave vector k
spanning the first Brillouin zone. As a result, we have
calculated the respective eigenfrequencies 𝜔(k). The dis-
persion properties of the studied metamaterial are illus-
trated by (1) the dispersion diagram shown in Fig. 2;
(2) the isofrequency contours in 𝑘𝑥𝑘𝑦 plane for set of 5
frequencies shown in Fig. 3 and (3) the isofrequency sur-















Figure 3. Isofrequency contours in the 𝑘𝑥𝑘𝑦 plane. The fre-
quencies on the contours are pointed in normalized units of
2𝜋𝑐/𝑎.
According to these results, it is discovered that at low
frequencies the isofrequency surfaces of the metamaterial
surround the corners (H points) of the Brillouin zone,
but not the Γ point. This means that the metamaterial
3
Figure 4. Isofrequency surfaces at the first Brillouin zone for
𝜔 = 0.05 · 2𝜋𝑐/𝑎 (red spheres).
supports waves with extremely large wave vectors at low
frequencies. Despite the unexpectedness of such results
due to the seemingly isotropic nature of the material, this
conclusion can be justified theoretically.
To this end, following the approach of Ref. [16], we
consider the low-frequency limit when the wave equation
is converted to the Poisson’s equation, the latter can be
written in terms of electrostatic potentials. Since two
wire sublattices are not connected, they should have dis-
tinct potentials 𝜙1 and 𝜙2.
On the other hand, periodic nature of the system re-
quires that the potential difference between the two sub-
lattices should satisfy Bloch’s theorem, which yields:⎧⎪⎨⎪⎩
(𝜙1 − 𝜙2) = (𝜙2 − 𝜙1)𝑒𝑖(k·𝑎1)
(𝜙1 − 𝜙2) = (𝜙2 − 𝜙1)𝑒𝑖(k·𝑎2)
(𝜙1 − 𝜙2) = (𝜙2 − 𝜙1)𝑒𝑖(k·𝑎3)
(3)
Each of equations in (3) relates the potential difference
between meshes at the opposite surfaces of the rhombo-
hedral cell. For example, Fig. 1(b) suggests that 𝐴0𝐵2𝐴1
coincides with 𝐵0𝐴2𝐵1 when shifted by a vector 𝑎1. Sim-
ilarly, the Bloch’s theorem can be applied for the other
two pairs of the opposite faces.
The system of equations (3) is equivalent to the follow-
ing conditions:
𝑇 · k =
⎛⎝2𝑛1 + 12𝑛2 + 1
2𝑛3 + 1






⎛⎝−1 1 1−1 1 −1
−1 −1 1
⎞⎠ . (5)
Hence, it is straightforward to show that:⎛⎝𝑘𝑥𝑘𝑦
𝑘𝑧
⎞⎠ =




, 𝑛1, 𝑛2, 𝑛3 ∈ Z (6)
Depicting the set of solutions corresponding to Eq. (6)
in reciprocal space, we observe that the isofrequency sur-
faces emerge from H-points as in Fig. 4. Importantly,
no isofrequency surfaces appear at the point Γ since
𝑘𝑥 = 𝑘𝑦 = 𝑘𝑧 = 0 is not the solution of Eq. (6).
Thus, we have proved both numerically and analyti-
cally that the interlaced wire medium supports the modes
with large wave vector at low frequencies. In order to de-
termine the polarization state of of these modes, we have
calculated the average electric field numerically taking




E(r) · 𝑒−𝑖k·r𝑑𝑉, (7)
where r provides the coordinates of the point inside the
unit cell, E(r) is the electric field at this point and k is



















Figure 5. (a) Isofrequency contour 𝜔 = 0.033 ·2𝜋𝑐/𝑎 with the
designation of Γ , 𝑋 and 𝐻 points on it and vectors of the
average electric field E𝑎𝑣 and k. (b) Plot of the dependence of
the longitudinal wave ratio 𝜒
k‖E𝑎𝑣 on the angular coordinate
𝜃 of a point on the contour (the angle between 𝑘𝑥 and the
vector drawn from H-point) for different frequencies.
The result of averaging of the electric field for the wave
vectors corresponding to a single low-frequency isofre-
quency contour is illustrated in Fig. 5(a). One can clearly
see that the mode is longitudinal, i.e. the vector k is par-
allel to the vector E𝑎𝑣. In order to accurately assess the
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as a function of the angular coordinate 𝜃 of a point on
the contour at a given frequency, see Fig. 5(b). By the
definition, the closer the longitudinal coefficient to one,
the smaller the angle between the electric field and the
wave vector.
As one can see from Fig. 5(b) with the decrease of the
frequency the curve of longitudinal coefficient approaches
to 1. The maximum deviation from the longitudinal po-
larization is less than 2% for 𝜔 = 0.167 · 2𝜋𝑐/𝑎 and less
than 1% for 𝜔 = 0.1 · 2𝜋𝑐/𝑎. Thus, low-frequency modes
of interlaced wire medium are longitudinal.
In conclusion, in this Letter we have studied the disper-
sion properties of interlaced wire medium in the symmet-
ric configuration. As we have proved, this metamaterial
supports low-frequency modes with large wave vectors
and longitudinal polarization, which highlights strongly
nonlocal response of the structure. We believe that the
control on spatial dispersion effects in metamaterials will
enable promising applications such as recently demon-
strated all-angle impedance matching [18, 19], imaging
with subwavelength resolution [12] or squeezing the wave-
length of electromagnetic fields, as suggested in this Let-
ter, to enable forbidden transitions [20].
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